Vertebrate lens development is a classical model system for studying embryonic tissue interactions. Little is known, however, about the molecules mediating such inductive events. Here, we show that Bmp4, which is expressed strongly in the optic vesicle and weakly in the surrounding mesenchyme and surface ectoderm, has crucial roles during lens induction. In Bmp4 tm1 homozygous null mutant embryos, lens induction is absent, but the process can be rescued by exogenous BMP4 protein applied into the optic vesicle in explant cultures. This is associated with rescue of ectodermal expression of Sox2, an early lens placode marker. 
Vertebrate eye development proceeds by a series of reciprocal tissue interactions between derivatives of the head surface ectoderm and the forebrain neuroectoderm. In particular, the process of lens induction has been studied as a model system to explore general mechanisms underlying embryonic induction (for review, see Jacobson and Sater 1988) .
Soon after the turn of this century, a few classical experiments using amphibian embryos led to the idea that the optic vesicle has an instructive role in inducing lens formation in the overlying surface ectoderm (Spemann 1901; Lewis 1904 Lewis , 1907a . According to this original model, the optic vesicle is potentially able to induce a lens from ectoderm anywhere on the embryo. Subsequently, however, other studies using different species and experimental conditions raised doubts about this hypothesis, and rather supported the idea that the optic vesicle is not essential for lens formation (for review, see Saha et al. 1989 ). Furthermore, a key experiment using a host-donor cell-marking technique revealed that the optic vesicle is insufficient to induce lens in ectopic ectoderm taken from outside the lens field; the induced lens in the recombinants was derived from the optic rudiment, rather than from the grafted ectopic ectoderm (Grainger et al. 1988 ).
The current model, based mainly on experiments using Xenopus embryos, proposes that lens induction proceeds through multiple intermediate states, starting early in development from the gastrula stage (for review, see Grainger 1992) . Evidence from many in vivo and in vitro studies indicates that the lens can be formed in the absence of the optic vesicle in several vertebrate species (for review, see Jacobson and Sater 1988; Saha et al. 1989; Henry and Grainger 1990) . The role of the optic vesicle during lens induction has, therefore, been considered minor-merely to establish the precise location of the lens within the head ectoderm (Grainger 1992) . Several lines of evidence, however, suggest that, in vivo, there is apparent species specificity in the extent to which lens formation is dependent on the optic vesicle. Ablation of prospective retinal neuroectoderm in chick embryos abolishes lens formation (Li et al. 1994; Kamachi et al. 1998) . Furthermore, lens formation is completely absent in mouse embryos lacking a functional Lhx2 gene, which encodes a LIM-homeodomain protein and is expressed in the forebrain, including the forming optic vesicle neuroectoderm. In these embryos, impairment of optic vesicle development results in failure of the optic vesicle to contact the surface ectoderm (Porter et al. 1997) . Therefore, it appears that lens formation in higher vertebrates requires the presence of the optic vesicle in vivo.
Like many other embryonic induction processes, secreted signaling molecules are likely to have critical roles during lens induction. In spite of the extensive experimental studies in the amphibian system described above, however, no actual signaling molecules have yet been identified. Likewise, although a number of genes have been implicated in mammalian eye development by molecular and genetic approaches (for review, see Graw 1996; Oliver and Gruss 1997), characterization of their precise in vivo function in many cases awaits further studies. One exception is the Small eye mutant in mouse (Pax6
Sey
) and rat (rSey), which have been studied extensively in relation to lens induction, as homozygous mutant embryos completely lack lens formation (Hill et al. 1991; Matsuo et al. 1993) . Mutations in the Pax6 gene, which encodes a paired-type homeodomain protein, have also been associated with congenital eye defects in humans (Jordan et al. 1992; Glaser et al. 1994; Hanson et al. 1994) . Tissue recombination experiments using rSey mutant embryos have revealed that homozygous mutant ectoderm does not form a lens when recombined with a wild-type optic vesicle, whereas the reciprocal recombination allows lens formation in wild-type ectoderm (Fujiwara et al. 1994) . This clearly implies a requirement for PAX6 in the head ectoderm for competence to respond to the optic vesicle signal, and indicates that the optic vesicle retains lens inducing activity in the absence of PAX6 function. The underlying mechanisms of PAX6 function in the ectoderm and inductive signaling factors involved in lens induction are still unknown.
Bone morphogenetic proteins (BMPs), members of the TGF-␤ superfamily of secretory signaling molecules, have been implicated in many aspects of embryonic tissue interactions (for review, see Hogan 1996) . Several BMP family members have been reported to be expressed during mouse eye development (Dudley and Robertson 1997) . Furthermore, Bmp7 is required for normal embryonic eye development in the mouse (Dudley et al. 1995; Luo et al. 1995) . Here, we report that another member of the Bmp gene family, Bmp4, has critical roles during the lens induction process. We show that the optic vesicle is the major source of BMP4 in the early developing eye, and that it is required for lens induction. A series of explant culture experiments suggest that BMP4 is an essential factor to manifest lens inducing activity of the optic vesicle. We also show that BMP4 regulates specific gene expression in the optic vesicle neuroectoderm. We discuss a model in which BMP4 has multiple roles during mammalian lens induction.
Results

The optic vesicle is essential for lens formation in the mouse embryo
At early stages of eye development in mouse embryos, contact between the distal part of the optic vesicle and overlying surface ectoderm is established at the 18-to 20-somite stage [9.0 days postcoitum (dpc)] (Fig. 1B) . Before this stage, the head mesenchyme is still present between them (Fig. 1A, arrowheads; Kaufman 1994) . Formation of the lens placode is first discernible histologically at the 25-to 27-somite stage (9.5 dpc) as a slight thickening and invagination of the surface ectoderm at ; 8.75-9 .0 dpc) to ∼40-somite stage (10.5 dpc). Arrowheads in (A) indicate head mesenchyme cells that still exist between the ectoderm (ec) and optic vesicle (ov) at this stage, and in C, formation of the lens placode. (E-H) Expression of Sox2 in the developing eye detected by in situ hybridization. Red dots represent hybridization signals, and the blue background illuminates the tissues. Sox2 is expressed widely in the central nervous system, but its expression in the eye increases only from around 9.0 dpc (E,F). (G) In the presumptive lens ectoderm, significant upregulation of Sox2 occurs soon after contact between the ectoderm and optic vesicle (arrowheads), and its expression persists within the lens at later stages (H). (I) In homozygous Pax6
Sey-1Neu mutant embryos no upregulation of Sox2 expression is observed at stages of lens placode formation. (J-N) Explant cultures of eye primordia of 8.75-9.0 dpc mouse embryos. (J) An explant from an 18-somite-stage embryo cultured for 4 days with the optic vesicle removed. No lens formation is observed. (np) Nasal placode; (f) forebrain; (m) midbrain; and (h) hindbrain. (K) Lens formation (arrowhead) in an explant taken from an embryo at the same stage as the one shown in J with the optic vesicle replaced with one from a ROSA26 embryo (asterisk). This allows easy distinction between host-and graft-derived tissues by ␤-Gal staining (blue). (L) The rescued lens (le) in such recombinants is derived from host ectoderm (no ␤-Gal staining), and ␤-Gal staining is present in the grafted optic cup (oc). (M) ␣A-crystallin expression in the lens formed in a recombinant detected by immunohistochemistry (brown). (N) In some explants from 21-to 23-somite-stage embryos with the optic vesile removed, lens formation is observed (arrowhead). In this particular sample, the optic vesicle was replaced with beads (blue dots) to inhibit possible reassociation between the ectoderm and remaining neuroectoderm. The beads have been dislocated by the growth of the lens. (nr) Neuroretinal layer of the optic cup; (pl) pigment layer of the optic cup. Bar, 50 µm (A-I); 500 µm (J,K,N); 100 µm (L,M). the site of contact with the optic vesicle ( Fig. 1C ; Kaufman 1994) . The lens determination process, however, which should precede any morphological manifestations in the surface ectoderm, has not been well characterized in the mouse. For example, it is not known when the final specification of the ectoderm to a lens fate occurs.
To begin to address this question, we studied in detail the expression of Sox2, a member of the HMG box-containing gene family implicated in early lens development (Kamachi et al. 1995; Kamachi et al. 1998) . Expression of Sox2 in the eye primordium is detected by in situ hybridization at only slightly above background levels until the 18-somite stage (Fig. 1E) , and is then gradually upregulated in the optic vesicle and, to a lesser extent, also in the ectoderm as development proceeds (Fig. 1F) . At the 23-to 24-somite stage, expression of Sox2 is significantly upregulated in the presumptive lens ectoderm at the site of contact with the optic vesicle (Fig. 1G , arrowheads). Its expression persists in the lens at later stages until around 11.5 dpc ( Fig. 1H ; Kamachi et al. 1998) . Therefore, upregulation of Sox2 in the lens ectoderm appears to occur a few hours earlier than when the lens placode is first histologically discernible. Furthermore, Sox2 fails to be upregulated in the ectoderm of Pax6 homozygous mutant embryos, even at the 27-somite stage (9.5-9.75 dpc) (Fig. 1I ). Because lens induction is defective in these embryos, this result supports the notion that upregulation of Sox2 is tightly associated with induction of the lens placode.
To determine more directly when the head surface ectoderm is specified to a lens fate, explants of one side of the head containing the entire eye field isolated from embryos between 8.5 and 9.0 dpc were cultured intact or with the optic vesicle removed (Table 1 ) (for convenience, we refer to this type of explants as eye primordia). Under the conditions employed, almost all of the unmanipulated eye primordia from the 14-somite stage or later embryos form distinct lenses after 2-4 days of culture (see Fig. 4A ,B below). When the optic vesicle is excised from primordia at the 14-to 20-somite-stages, lens formation is never observed, although the tissues continue to grow ( Fig. 1J ; Table 1 ). Expression of Sox2 is also not observed in the ectoderm of this explant group when assayed at 18 hr, and 2 and 4 days (data not shown). Control experiments show that if the optic vesicle is removed but then immediately replaced, lens formation is rescued in nearly 90% of the explants ( Fig. 1K-M ; Table 1 ). In contrast, substituting the optic vesicle with neuroectoderm from other regions of the brain cannot induce lens (see Table 3 below). These results suggest that the optic vesicle is essential for lens induction in the overlying surface ectoderm. When the optic vesicle is removed from eye primordia of 21-to 23-somite-stage embryos, however, lens formation occurs in ∼9% of the cases (Table 1 ; Fig. 1N ). This may represent lens formation in advanced embryos within this group, and therefore, the optic vesicle becomes dispensable after around the 23-somite stage. This stage is consistent with the upregulation of Sox2 in the presumptive lens ectoderm in normal development.
Bmp4 and its receptor genes are expressed in the early developing eye
Previous studies showed that Bmp7 is essential for mouse eye development (Dudley et al. 1995; Luo et al. 1995) . Several other members of the Bmp gene family are also expressed during mouse eye development (Dudley and Robertson 1997) . In this study, we have focused on one of these members, Bmp4. Detailed in-situ hybridization analyses reveal that Bmp4 transcripts are present before, and following, lens placode formation ( Fig. 2) . At the 8-to 12-somite-stage, when the optic vesicle begins to form as a bilateral evagination of the forebrain neuroectoderm, Bmp4 mRNA cannot be detected in the eye region ( Fig. 2A) . Expression of Bmp4 is first observed in the distal part of the forming optic vesicle and the overlying surface ectoderm at the 14-to 16-somite-stage (Fig. 2B, arrowheads) . As development proceeds, the level of Bmp4 expression is gradually increased in the distal optic vesicle (Fig. 2C,D) . Toward the stage of lens placode formation, expression of Bmp4 becomes restricted to the dorsal tip of the optic vesicle and no longer detected in the lens placode ( Fig. 2E) . At later stages, high levels of transcripts are maintained in the dorsal margin of the optic cup (Fig. 2F ). Throughout these stages, Bmp4 is also expressed in the ectoderm of the nasal-oral region, just ventral to the lens ectoderm ( Fig. 2D-F) .
Two type-I BMP receptors, which bind to BMP4 in vitro (ten Dijke et al. 1994) , are also expressed in the developing eye. Expression of Alk3 (BmprIA) is almost ubiquitous from early stages of development, both in the embryo as a whole (Dewulf et al. 1995; Mishina et al. 1995) and in the eye until 10.5-11.5 dpc ( Fig. 2G -J, and data not shown). In contrast, significant levels of Alk6 (BmprIB) transcripts are detected only from around the 16-somite stage in a part of the future retina and optic stalk region ( Fig. 2L-O) . The domain of Alk6 expression appears to define a region complementary to that of Bmp4 within the neuroretina (Fig. 2E ,F and N,O) Expres- sion of Alk6 is seen also in the head mesenchyme, presumably of neural crest origin, from 9.5 dpc ( Fig. 2N ,O).
Defective lens induction in Bmp4 tm1 homozygous null-mutant embryos
The expression patterns of Bmp4 and Bmpr genes led us to analyze the eye phenotype of Bmp4 tm1 homozygous mutant embryos. Although most of these mutants arrest development at gastrulation or later with severe deficits of posterior mesodermal structures, such as the allantois, we have found that on a mixed genetic background (see Materials and Methods) ∼30% exhibit milder phenotypes, surviving until 10.5 dpc. At this time, they form 20-27 somites, whereas the normal littermates have more than 35. These late surviving homozygous mutant embryos were first examined histologically. Despite close contact between the surface ectoderm and optic vesicle, no indication of lens placode formation is observed (Fig. 3B,C) , although the nasal placode is developed in the adjacent region of the ectoderm (Fig. 3C ). In none of these advanced mutant embryos (23-25 somites) is upregulation of Sox2 detected in the prospective lens ectoderm (Fig. 3D,H) . In contrast, expression of Pax6 and Six3, which are the mammalian homologs of key regulators of Drosophila eye development (for review, see Oliver and Gruss 1997), appears to be unaffected (Fig.  3E ,F,I,J), suggesting a defect in a late phase of lens determination. Expression of Bmp7 also appears to be unaffected (Fig. 3G,K) .
To determine whether lack of lens formation in the mutants is attributable to a general developmental delay, eye primordia from advanced mutant embryos were cultured in vitro. After 2-4 days, wild-type eye primordia 
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Cold Spring Harbor Laboratory Press on November 4, 2016 -Published by genesdev.cshlp.org Downloaded from form distinct eye structures including the lens, retina, and pigmented epithelium (Fig. 4A,B) . In contrast, when mutant eyes are cultured, although the explants grow significantly in size, ∼3-4 times in diameter, and some of them produce pigment, lens formation is never observed macroscopically even after 4-5 days (Fig. 4C and data not shown; Table 2 ). Histological examination confirms complete absence of lens development in these explants (Fig. 4D, arrowheads) . These in-vitro observations suggest that mutant eye tissues survive under these culture conditions, but that lens formation does not occur. This provides further evidence that lens induction is defective in Bmp4 tm1 mutant embryos.
Rescue of lens formation by exogenous BMP4 protein in mutant eye explants
To test the requirement for BMP4 in lens induction more directly, we examined whether lens formation in the Bmp4 tm1 mutant eye could be rescued with recombinant BMP4 protein (Table 2 ). Because high levels of Bmp4 transcripts are normally present in the optic vesicle, BMP4 protein was applied, using protein-carrying beads loaded into the optic vesicle. Development of the wildtype eye explants appears to be unaffected by application of BMP4-carrying beads, compared with the explants from the contra-lateral side cultured with control beads (Table 2) . When eye primordia from advanced Bmp4 tm1 mutants at 9.5-10.0 dpc are cultured with BMP4 beads (Fig 5A, arrowheads) , single lens-like vesicular structures are observed in the explants after 3-4 days of culture ( Fig.  5A , arrow; Table 2 ). Histological examination shows that these vesicular structures are derived from the ectoderm (Fig. 5B) , and express Pax6 (Fig. 5C) . Furthermore, these vesicles stain positively with an antibody for ␣A-crystallin (Fig. 5D) . No rescue of lens formation has ever been observed in mutant samples taken from the contra-lateral side and cultured with control beads (Table 2) . Upregulation of Sox2 is seen in the surface ectoderm after 1-2 days of culture with BMP4 beads (Fig.  5E , arrowheads) (n = 6), and persists later in the rescued lens (data not shown). In contrast, in the control samples, expression of Sox2 is not induced in the ectoderm during the culture period (Fig. 5F , arrowheads) (n = 6). High levels of Sox2 transcripts are induced in the optic vesicle of both BMP4-treated and control samples, suggesting expression of this gene in the optic vesicle is independent of BMP4 activity (Fig. 5E,F ). These results demonstrate that lens induction in the Bmp4 tm1 mutant eye can be restored by application of exogenous BMP4.
BMP4 is not sufficient to substitute for the lens-inducing activity of the optic vesicle
The in situ hybridization results suggest that the optic vesicle is the major source of BMP4 in the developing eye (Fig. 2) . To test whether BMP4 acts directly as the lens inducing signal to the ectoderm, the optic vesicle was replaced with beads carrying BMP4 protein (Table 3) . These experiments were performed using eye tissues from 16-to 20-somite-stage wild-type embryos, as formation of the lens is still dependent on the optic vesicle at these stages (see above; Fig. 1J and Table 1 ). Removal of the optic vesicle followed by implantation of BMP4 beads does not, however, induce lens in these explants (Table 3 ). In addition, no upregulation of Sox2 in the prospective lens ectoderm is seen after 18 hr, and 2 or 4 days of culture (data not shown). We also tested whether other embryonic tissues expressing BMP4 can induce a lens when substituted for the optic vesicle in culture. We have observed no lens formation using dorsal forebrain neuroectoderm or heart which express high levels of Bmp4 (Dudley and Robertson 1997; Furuta et al. 1997) (Table 3 ). These results suggest that BMP4 alone or Bmp4-expressing tissues other than the optic vesicle are not sufficient to induce a lens, and therefore cannot substitute for the lens inductive activity of the optic vesicle.
Bmp4 regulates specific gene expression in the optic vesicle neuroectoderm
One of the possibilities is that BMP4 regulates lens inductive activity by inducing downstream gene(s)/factor(s) in the optic vesicle. To examine this, we have taken a candidate gene approach. Among the genes potentially downstream of BMP-type signals in various developmental systems (for review, see Hogan 1996) , members of the Msx gene family have been implicated in eye development (Monaghan et al. 1991) . One member of the Msx gene family, Msx2, is normally expressed in the optic vesicle and the overlying surface ectoderm before lens induction ( Fig. 6A ; Monaghan et al. 1991) , in a pattern similar to that of Bmp4. In contrast, in Bmp4 tm1 mutant embryos expression of Msx2 is not detected in the eye region (Fig. 6B ), whereas expression in other regions such as in the branchial arches appears unaffected (not shown). Moreover, Msx2 expression is rescued in mutant eye explants cultured with BMP4-carrying beads ( Fig.  6C ) (n = 4). In the contra-lateral side of the eye tissues cultured with control beads, Msx2 expression is not detected above background levels during culture periods of up to 6 days ( Fig. 6D ) (n = 4). These data demonstrate that expression of Msx2 depends on BMP4 activity in the optic vesicle, and therefore BMP4 functions to regulate specific gene expression within the optic vesicle.
Tissue recombination between Bmp4 tm1 mutant and wild-type eye components
To further investigate the mechanisms by which BMP4 participate in lens induction, we generated recombinant explants between wild-type and mutant tissues by combining an optic rudiment (optic vesicle and mesenchyme) with ectoderm. To distinguish the origin of tissues in the recombinant explants, we obtained wild-type samples from embryos of the ROSA26 mouse strain. In recombinations between wild-type optic rudiments and either wild-type or mutant ectoderm, the lens forms consistently after 3-4 days of culture (Fig. 7A-D and Table  4 ). We next tested the combination between wild-type ectoderm and mutant optic rudiments. In these experiments, we have also observed invagination of the surface ectoderm, though at a low frequency (Table 4) . Although these lentoid structures are often irregular in morphology compared to those in other types of recombinations (Fig. 7 , cf. E with A and C), they are associated with the retinal neuroectoderm which forms an optic cup (Fig.  7E) , and express ␣A-crystallin (Fig. 7F) . In this type of recombination, BMP4 is not produced in the optic 
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Cold Spring Harbor Laboratory Press on November 4, 2016 -Published by genesdev.cshlp.org Downloaded from vesicle and surrounding mesenchyme. By the time of recombination, however, the wild-type ectoderm is likely to have been exposed to BMP4 and/or BMP4-dependent signals emanating both from itself and/or the underlying optic vesicle. These results indicate that even in the absence of BMP4 in the optic rudiment, lens formation can be initiated if the ectoderm has been exposed previously to BMP4. We speculate that additional factor(s) that emerge from the optic vesicle are required for lens induction in concert with BMP4 expressed in the optic vesicle and the surface ectoderm (see Discussion).
Expression of Bmp4 and its receptor genes in the Pax6
Sey-1Neu homozygous mutant eye
Tissue recombination experiments using rSey mutant embryos demonstrated that Pax6 function is required in the surface ectoderm to respond to the lens inductive signal (Fujiwara et al. 1994) . To test the possibility that Pax6 regulates expression of Bmp4 and its receptor genes, we examined the expression of these genes in Pax6 Sey-1Neu homozygous mutant embryos around the time of lens induction. We observed no drastic change in the expression patterns of Bmp4, Alk3, and Alk6 in the eye region ( Fig. 8A-C; cf. with Fig. 2D,H,M) . Because in homozygous Bmp4 mutant embryos Pax6 is normally expressed both in the ectoderm and the optic vesicle, expression of Pax6 and Bmp4 appear to be regulated and to function independently of each other during lens induction.
Discussion
The optic vesicle has a critical role as a source of inductive signal for lens determination in higher vertebrates
We have shown using explant cultures of embryonic eye primordia that the optic vesicle has a critical role in lens induction in the mouse. These results are consistent with the in vivo observations reported previously for chick and mouse embryos (Li et al. 1994; Porter et al. 1997; Kamachi et al. 1998) . Therefore, the optic vesicle appears to provide an essential local inductive cue for lens induction in vivo in higher vertebrates.
During normal eye development, soon after the surface ectoderm meets the optic vesicle, expression of Sox2 is upregulated in the ectoderm at the site of contact, and this precedes lens placode formation (Fig. 1G) . Such upregulation of Sox2 is, however, not observed in the presumptive lens ectoderm of homozygous Pax6 mutant embryos that lack lens induction, suggesting that expression of Sox2 is tightly associated with lens determination in the ectoderm (Fig. 1I) . Furthermore, in our explant cultures, Sox2 fails to be induced in the presumptive lens ectoderm if the optic vesicle is removed as early as the 20-somite stage, and lens induction is never observed. Therefore, elevation of Sox2 expression in the lens ectoderm appear to require an induction from the optic vesicle by this stage. These results are consistent with the recent study by Kamachi et al. using chick embryos, showing that expression of Sox2 and Sox3 requires induction from the optic vesicle (Kamachi et al. 1998) .
BMP4 is required for the lens inductive activity of the optic vesicle
We have provided here genetic evidence that BMP4 is essential for lens induction in the mouse. In advanced Bmp4 tm1 homozygous mutant embryos, despite contact between the ectoderm and optic vesicle neither lens placode nor expression of Sox2 is induced in the prospective lens ectoderm (Fig. 3B,C,H) . Formation of the Bmp4 mutant optic vesicle appears relatively normal, based on the expression of several putative regulatory genes such as Pax6, Six3, Bmp7 (Fig. 4) , and Bf1 and Bf2, Eya1 and Eya2, and Otx2 (data not shown). We conclude, therefore, BMP4 may be required for the final phase of lens determination in the head surface ectoderm.
We have also shown that lens formation in mutant embryos can be rescued by application of beads soaked with BMP4 inside the optic vesicle. In these explants, expression of Sox2 in the ectoderm is observed after 1 day in culture (Fig. 5E ). In contrast, Sox2 is not upregulated in the presumptive lens ectoderm in explants with control beads (Fig. 5F ). These results suggest that BMP4 is critical for the ability of the optic vesicle to induce high levels of Sox2 expression in the ectoderm, and later, to induce lens.
BMP4 may manifest lens inductive activity in the optic vesicle neuroectoderm
Based on its expression pattern (Fig. 2) , it is possible that BMP4 functions as an optic vesicle-derived signal required for determining the lens ectoderm. Replacement of the optic vesicle in the wild-type eye primordium with BMP4-soaked beads or other Bmp4 expressing tissues does not induce lens formation (Table 3) or Sox2 expression in the ectoderm (data not shown). This indicates that BMP4 alone is not sufficient to mimic the lens inductive activity of the optic vesicle.
One possible function of BMP4 during this process is to induce within the optic vesicle the expression of downstream molecule(s) that function as the lens inductive signal (Fig. 9) . We show that expression of Msx2, which is detected in the developing mouse eye (Monaghan et al. 1991) , is missing in the eye of Bmp4 tm1 mutant embryos (Fig. 6A,B) . Furthermore, its expression can be induced by the addition of BMP4 protein into the Bmp4 mutant eye tissue (Fig. 6C) . Induction of Msx2 is specific, as control beads cannot induce expression of this gene (Fig. 6D) . In contrast, Sox2 is switched on in the optic vesicle independently of BMP4 activity (Fig. 5E,F) , excluding the possibility that lack of Msx2 expression and lens induction is due to a nonspecific delay in the developmental program of the mutant eye. The functional significance of Msx2 as a putative BMP4 downstream gene for eye development, however, awaits future genetic studies. For example, Msx2 may regulate expression of other signaling molecules involved in lens induction (Fig. 9) .
BMP4 may be one of the signals among multiple inductive influences from the optic vesicle
An alternative mechanism by which BMP4 may regulate lens induction is by acting synergistically with addi- Sey-1Neu homozygous mutant eyes. Expression of Bmp4 (A), Alk3 (B), and Alk6 (C) in 21-somite-stage mutant embryos is essentially localized to the appropriate areas compared with normal embryos (see Fig. 2D,H,M) . Bar, 50 µm. tional factor(s) expressed in the optic vesicle (Fig. 9) . In fact, in tissue recombination experiments using wildtype ectoderm cultured with mutant optic rudiment, we observe lentoid formation in the ectoderm, although at a low frequency ( Fig. 7E,F ; Table 4 ). This result suggests that if the ectoderm has been exposed to BMP4 and/or BMP4-dependent signals to some extent before recombination, the ectoderm can form a lens in response to the inductive signal from the optic vesicle, even in the absence of BMP4. This may suggest that additional factors other than BMP4 in the optic vesicle are also involved in the inductive influence of the optic vesicle (Fig. 9) . In Drosophila, different classes of signaling molecules, including decapentaplegic, hedgehog, and wingless, have been implicated in eye development, and are known to cooperate one another (Chanut and Heberlein 1997; Dominiguez and Haufen 1997; Royet and Finkelstein 1997) . To date, however, there is no evidence that the vertebrate Wnts and Hhs are expressed in the distal optic vesicle at the stages of lens induction. Another BMP family member, Bmp7, is expressed in the early developing eye, in areas partially overlapping with those of Bmp4 (Dudley and Robertson 1997; also cf. Figs. 2D and 3G) . Targeted mutation of this gene causes abnormality in eye development (Dudley et al. 1995; Luo et al. 1995) . Expression of Bmp7 appears unaffected in the Bmp4 tm1 mutant eye (Fig. 3G,K) , excluding the possibility that the lens induction defect in Bmp4 tm1 mutant embryos is attributable to additional loss of Bmp7 expression. In addition, homodimeric BMP4 protein is sufficient to rescue lens induction in Bmp4 tm1 mutant embryos. Elucidating the possible synergistic functions of these BMPs and/or the requirement for heterodimers in lens induction in vivo awaits more detailed characterization of lens induction defects in Bmp7 mutant embryos, and the generation of compound mutants for these genes.
Fibroblast growth factors (FGFs) are another family of secreted signaling molecules that have been relatively well-studied in relation to vertebrate lens development (Robinson et al. 1995; Stolen et al. 1997) . Although FGFs function antagonistically to BMPs in some developing organs (Niswander and Martin 1993; Neubuser et al. 1997) , they appear to act synergistically in others (Lough et al. 1996; Ericson et al. 1998 ). To our knowledge, FGF1 and FGF15 are the only members of FGFs known to be expressed in the eye before lens placode formation. Because FGF1 is expressed only in the presumptive lens ectoderm at the time of lens induction, but not in the optic vesicle (de Iough et al. 1993) , it is unlikely that FGF1 mediates inductive influence of the optic vesicle. FGF15 is a relatively newly identified member of this family, and the predicted amino acid sequence suggests its secreted nature (McWhirter et al. 1997) . The activity of FGF15 in lens induction and the possibility of synergistic action between FGF15 and BMP4 will be studied in the future using biologically active protein and/or expression systems.
BMP4 may also be required for the lens ectoderm to respond to the optic vesicle signal
The current model for lens induction suggests that the prospective lens ectoderm is determined in a stepwise manner (for review, see Grainger 1992). At the late gastrula to early neurula stages of amphibian embryos, a planar signal from the anterior neural plate is thought to have a critical role for induction of the lens ectoderm. It has also been shown that the dorsolateral mesoderm of the future cardiac region underlying the prospective lens ectoderm appears to enhance this inductive process (Henry and Grainger 1990) . These inductive signals have, however, not been characterized at the molecular level.
The mesoderm of the future cardiac region is one of the early expression domains of Bmp4 during embryonic development (Y. Furuta and B.L.M. Hogan, unpubl.; also see Schultheiss et al. 1997) . We also report here that Bmp4 transcripts are present transiently in the presumptive lens ectoderm (Fig. 2B-D) . Furthermore, one of the BMP receptor genes, Alk3, is expressed ubiquitously, including in the ectoderm from early stages of development ( Fig. 3G-J ; Dewulf et al. 1995; Mishina et al. 1995) . Therefore, it is likely that the ectoderm has already been exposed to the BMP4 signal before it contacts the optic vesicle. These observations suggest that BMP4 also has a role in earlier steps of determination of the presumptive lens ectoderm (Fig. 9) .
Tissue recombination experiments using rSey mutant embryos revealed that PAX6 participates in the establishment of lens competence in the head ectoderm. Expression of Pax6 does not appear to be changed in Bmp4 tm1 mutant embryos (Fig. 3E,I ), and expression of PAX6 function in the ectoderm is essential for establishment of the competence to respond to the optic vesicle signal, and BMP4 may also be required independently from Pax6 for this process.
genes encoding BMP4 and its receptors appear unaffected in the eye of Pax6 Sey-1Neu mutant embryos (Fig. 8) . Therefore, if BMP4 functions in the establishment of lens competence in the ectoderm, it may be involved in a different pathway from that of PAX6 (Fig. 9) .
Given that BMP4 is a secreted molecule, there are technical limitations to elucidating its functions separately in the ectoderm and optic vesicle using tissue recombination experiments with Bmp4 tm1 mutant embryos. In future investigations, this issue must be addressed by blocking BMP4 signaling in a cell-type specific manner during lens induction. Similar approaches to inactive BMP4 or BMP receptor functions in a stage-specific manner in the developing eye will also allow us to study the role of BMP4 during later stages of eye development, as well as during the lens induction process.
Materials and methods
Mice
Embryos from ICR mice (Harlan Sprague-Dawley, Indianapolis) were used as wild-type samples. Heterozygous Bmp4 tm1 mutant mice (Winnier et al. 1995) have been maintained on a mixed outbred genetic background (129/SvEv × Black Swiss). Heterozygous Pax6
Sey-1Neu mice have been maintained by backcrossing with ICR (Grindley et al. 1997) . In tissue recombination experiments, embryos obtained from crosses between ICR females and homozygous males of the ROSA26 strain (Zambrowicz et al. 1997) [B6,129-TgR(ROSA26)26Sor; The Jackson Laboratory, Bar Harbor, ME] were used as wild-type samples. Noon of the day of the vaginal plug is 0.5 dpc.
Tissue preparations for histological analyses
Embryos or cultured explants were fixed in 4% paraformaldehyde in PBS, dehydrated through a graded series of methanol, and embedded in wax (Paraplast Plus, Fischer Scientific) for histological sectioning. Sections were processed for hematoxylin and eosin staining, in situ hybridization, or immunohistochemistry (see below).
In situ hybridization and histochemical analyses
In situ hybridization using [ 35 S]UTP-labeled riboprobes on sections was performed essentially as described (Hogan et al. 1994 ). The Bmp4, Msx2, Bf1, Bf2, Bmp7, Otx2, Alk3 (BmprIA), Six3, Eya1, Eya2, Pax6 , and Sox2 probes have been described previously (Jones et al. 1991; Monaghan et al. 1991; Hatini et al. 1994; Lyons et al. 1995; Matsuo et al. 1995; Mishina et al. 1995; Oliver et al. 1995; Grindley et al. 1997; Xu et al. 1997; Kamachi et al. 1998) . The Alk6 (BmprIB) probe was kindly provided by Dr. Lee Niswander (Sloan-Kettering Institute, New York, NY). Pictures were taken by double exposures, using a red filter for the dark field, and a blue filter for the bright field illuminations. A rabbit antiserum raised against rat ␣A-crystallin (kind gift from Dr. Kanefusa Kato; Kato et al. 1991 ) was used as the primary antibody for immunohistochemical detection of lens differentiation. Secondary antibody was an anti-rabbit IgG antibody (goat) conjugated with biotin (Jackson ImmunoResearch Laboratories; Cat.#111-066-003), to which peroxidase-conjugated streptoavidin (Vectastain ABC kit; Vector Laboratories) was then bound.
The immuno-enzyme complex was detected by a color reaction using diaminobenzidine (0.6 mg/ml in 50 mM Tris-Cl, pH 7.6) as a chromogenic substrate in the presence of 0.03% H 2 O 2 . Hematoxylin was used for counterstaining. Assay for ␤-galactosidase (␤-Gal) activity in the explants was performed as described (Hogan et al. 1994) , and stained samples were processed for sectioning as described above, and then counterstained with eosin.
Explants and recombinations of embryonic eye tissues
Organ culture using filters was performed essentially as described (Furuta et al. 1997) . For surgical removal of the optic vesicle, bead transplantation, and tissue recombination, the heads of 8.75-9.0 dpc wild-type or 9.75-10.0 dpc Bmp4 tm1 homozygous mutant embryos were isolated, and treated with pancreatin-trypsin (Hogan et al. 1994 ) for 5 min. on ice, and the ectoderm was dissociated from the underlying optic vesicle and mesenchyme (optic rudiment). With this treatment, we could not completely avoid contamination of a small population of the head mesenchyme attached to the ectoderm, as longer treatment substantially damaged the tissues. The optic vesicle was then removed, or replaced with tissues or beads, and the ectoderm was put back again. For tissue recombinations, isolated ectoderm was put onto an optic rudiment from another embryo. In most cases, one side of the eye was used for manipulations, while the other retained as an unmanipulated control. After manipulation, tissues were incubated for 1-2 hr on a pad of agar containing culture medium to allow the ectoderm to adhere to the underlying tissues. Manipulated samples were cut along the midline into halves, and then transferred onto the filter with the ectoderm facing up. For application of proteins, carrier beads were prepared as previously described (Furuta et al. 1997) . For implantation of beads into the optic vesicle, one side of the eye was incubated with BMP4-carrying beads, and the other with control BSA beads. The concentration of recombinant human BMP4 (kindly provided by the Genetics Institute, Cambridge, MA) used for preparation of protein carrying beads was 1-5 µg/ ml.
